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Abstract 
In this paper a new insight into fundamentals of static recrystallization, precipitation and their 
interaction during sub-critical annealing of three cold-rolled low-carbon microalloyed steel grades is 
presented. The grades under investigation are a base grade containing V as a microalloying element, a 
Ti+ grade containing Ti as microalloying element added into the base grade, and a Ti+Mn+ grade 
containing additional Mn added into the Ti+ grade. The cold-rolled steels are sub-critically annealed 
inside a muffle furnace to simulate industrial continuous annealing parameters in order to investigate 
the interaction between recrystallization and precipitation across transient stages of the annealing 
process as a function of temperature and time. The Zener pinning of precipitates and solute drag force 
of Mn on the recrystallization process are calculated and compared with measured values obtained from 
experimental studies on the recrystallization kinetics. Results suggest that the recrystallization kinetics 
is fastest in the base grade. For the Ti+ grade, fine (< 15 nm) (Ti,V)(C/N) particles retard the 
recrystallization kinetics. For the Ti+ and Ti+Mn+ grades, solute drag effect of Mn solute atoms for 
dwell time longer than 2 min at annealing temperature of 800 oC is negligible.  
Keywords: annealing; recovery; recrystallization; microalloyed steel; precipitation; solute drag 
1. Introduction 
Development of light-weight automotive body structures is crucial nowadays in automotive industry to 
minimise car fuel consumption and greenhouse gases emissions [1,2]. The 2017 UK greenhouse gas 
annual report revealed that transport sector accounts for ~ 34 % of the total CO2 emissions. Passenger 
cars within road transport section are the most significant source of CO2 emissions  [3]. In order to 
minimise CO2 emissions from cars, countries such as Norway, Sweden and the UK are working on 
shifting petrol and diesel automotive powertrain to a complete zero emissions Electric Vehicle (EV) 
powertrain [4]. As a result of that, lithium batteries and related gadgets are incorporated into electric, 
hybrid, solar or hydrogen driven cars, necessitating radical light-weighting of automotive structures to 
offset weight gain due to added energy storage [5]. Therefore, at present, vehicle light-weighting 
(including petrol, diesel or electric vehicles) is one of the top priorities in automotive industry, with 
various alternative materials for car bodies investigated, including aluminium [6], magnesium [7], steel 
[8], polymers and polymer-based or carbon-based composites [9], and their combinations (hybrid 
materials) [10]. 
Among engineering materials, steel is widely used in automobiles because of its abundance, cost 
effectiveness and ease in manufacturing capability as compared to other materials [11,12]. Hot-rolled 
dual-phase (DP) and complex-phase (CP) steels are exhaustively used for chassis and suspension 
systems because of their high strength and excellent formability at low capital costs [13–15]. In case of 
multi-phase steels, the amount of second-phase particles such as pearlite, bainite or martensite together 
with ferrite is significant in terms of providing increased strength, but limits the formability and 
flexibility of these materials during forming [8,16–20]. To resolve stress accumulation failure issues 
during plastic deformation, a single phase ferrite matrix grade with nanometre-sized precipitates has 
been developed mainly for chassis and suspension applications with excellent stretch flange formability 
[8,19]. Funakawa et al. [19] developed hot-rolled steel of single phase ferrite matrix with (Ti, Mo)C 
fine precipitates of 4-6 nm in diameter which provides additional strength of about 300 MPa from 
precipitation hardening. Yi et al. [21] investigated Ti-V-Nb microalloyed single phase ferrite hot-rolled 
steel. Because of the cumulative strengthening from precipitation (~ 250 MPa); dislocations (~ 145 
MPa) and solid solution strengthened ferrite base matrix (~ 315 MPa), hot-rolled steel of average yield 
strength of about 710 MPa is achieved [21]. Similarly, Rijkenberg et al. [8] have developed hot-rolled 
steel grades with single phase ferrite matrix microalloyed with Nb-V-Mo elements. A combination of 
random and fine (~ 3 nm) interphase precipitates of V, NbV and NbVMo carbon-nitrides leads to 
enhanced precipitation strengthening (200 MPa to 450 MPa) in these steel grades.  
Microalloying content of Nb, Ti, V or Mo in low-carbon microalloyed steel grades is limited to avoid 
inhibition of recrystallization and maintain precipitation strengthening [22–29]. Static recrystallization 
and precipitation behaviour of cold-rolled low-carbon microalloyed steel during sub-critical annealing 
in the fully ferritic region is relatively less understood as compared to dynamic recrystallization during 
hot rolling of austenite. Cold-rolled continuously-annealed (CA) low-carbon microalloyed steel (TS > 
600 MPa) with single ferrite phase matrix containing nanometre-sized precipitates [8,30] for BIW 
applications is a new concept that requires further investigations of recovery and recrystallization of 
cold-rolled textures with varied stored energy as well as the interaction of precipitates with 
microstructural defects. 
The purpose of this paper is to develop a correlative material characterisation technique combining 
EBSD and FIB-lift out STEM to fundamentally understand the precipitation evolution and their 
interaction with recrystallization during sub-critical annealing of three novel cold-rolled low-carbon 
microalloyed steel grades: a) base grade containing V as microalloying element; b) Ti+ grade containing 
increased Ti as microalloying element; and c) Ti+Mn+ grade containing additional Mn and Ti. 
2. Experimental Procedures 
2.1. Preparation of investigated materials  
The chemical compositions of the investigated steel grades are shown in the Table 1. As-cast steel 
blocks with thickness ~ 30 mm were heated at Tata Steel Europe Research & Development facilities in 
a laboratory scale muffle furnace at T ~ 1200 oC, manually descaled to remove any oxide layers and 
manually rolled in between a set of two rollers up to the thickness of 3 mm. The final rolling temperature 
~ 890 oC was recorded by a pyrometer. To simulate the industrial run-out-table cooling practise, the 
strips were transferred to a run-out-table, where a combination of air and water was used to cool the 
strips to a temperature of ~ 580 oC to avoid interphase and random precipitation and to ensure that all 
austenite grains are transformed to ferrite. Strips were then transferred to a cooling furnace for a 
controlled slow cooling to room temperature to replicate coiling and slow coil cooling. Selected hot-
rolled steel sheets (500 mm x 110 mm x 3 mm) were taken out from the processing route for precipitate 
investigation using TEM and the rest hot-rolled steel sheets were manually cold-rolled at room 
temperature to the final thickness of 1 mm with ~ 70 % reduction in thickness.  
Table 1: Chemical composition in weight (%) for the three grades of steel investigated in this study 
Grades C Si Mn P S Al V Ti N 
Base 0.051 0.008 0.34 0.001 0.0009 0.033 0.15 - 0.0028 
Ti+ 0.051 0.007 0.34 0.001 0.0007 0.032 0.15 0.078 0.0022 
Ti+Mn+ 0.051 0.007 0.89 0.001 0.0009 0.030 0.15 0.075 0.0031 
 
2.2. Muffle furnace annealing  
Samples with dimensions of 6 mm × 6 mm × 1 mm were cut from the centre of the as-received cold 
rolled sheet (Fig. 1) and annealed in a muffle furnace under following conditions: 700 oC 0 s, 800 oC 0 
s; 800 oC 2 min; 800 oC 5 min; 800 oC 15 min; 800 oC 30 min; 800 oC 1 h and 800 oC 2 h. Heating rate 
was controlled to 10 – 15 oC /s. To simulate quick thermal response of the sample, a preheated metal 
block was kept inside the heated furnace for ~ 30 min. A ‘K type’ thermocouple reader coupled with 
data logger was fitted inside the furnace to record the surface temperature of the metallic block. The 
temperature difference between the metallic block and the muffle furnace (measured by inbuilt 
thermocouple) was recorded as 5 oC. As the target temperature was achieved, the muffle furnace was 
opened, the test sample was placed on the metallic block and the furnace door were closed immediately 
to prevent temperature from dropping. The temperature was recorded throughout the annealing cycle. 
Once the required annealing temperature and dwell time were achieved, the doors were opened and the 
sample was taken out to be air cooled to room temperature. The various annealing conditions 
(mentioned above) are designed in this work for the purpose to study the effect of microalloying 
elements on the recrystallized microstructure development and on the mechanical properties.  
2.3. Microstructural characterisation  
For the microstructural study, the muffle furnace annealed samples (6 mm x 1 mm x 1mm) were cut in 
half in direction parallel to the RD-ND plane (Fig. 1), mounted in Bakelite and polished using standard 
metallographic techniques for microstructural investigation in the transverse (TD) direction. Polished 
samples were placed on the stage inside SEM with the Rolling Direction (RD) parallel to X-axis, 
Transverse direction (TD) parallel to Z-axis and Normal direction (ND) parallel to Y axis of the stage 
coordinate axis system inside of the SEM chamber. FEG-SEM Carl Zeiss fitted with NordlysNano 
EBSD camera by Oxford Instruments [31] was used. FIB lift-outs were performed from the un-
recrystallized and recrystallized ferrite matrix of cold-rolled and annealed samples for conditions: 700 
oC 0 s, 800 oC 0 s; 800 oC 2 min; 800 oC 5 min and studied under TEM to investigate precipitate size 
and distribution. FIB-lift outs were also performed from the ferrite matrix of hot-rolled samples (RD-
ND plane) taken from the centre of hot-rolled sheet and studied under TEM to investigate the precipitate 
distribution. Parameters and equipment employed for the EBSD data acquisition, FIB lift-out and TEM 
investigations were the same as used in previous work by Kapoor et al. [32]. 
Fig. 1 Sample geometry for muffle furnace annealing, EBSD and FIB-lift out investigation 
Obtained EBSD data were exported to Channel 5 software of Oxford Instruments to evaluate: 
 Normal direction Inverse Pole Figure (ND-IPF) maps 
 Local Average Misorientation (LAM) data of kernel size 7 x 7 
 LAM map was exported to MTEX-4.5.0 toolbox in MATLAB to evaluate noise free 
Geometrically necessary dislocation (GND) density applying the same methodology as 
mentioned by Kapoor et al. [32], Moussa et al. [33] and Calcagnotto [34]. 
 2D Orientation Distribution Function (ODF) texture data on the section φ2 = 45o from a low 
magnification x 250 scanned RD-ND section of the sample 
The degree of recrystallization (%) was evaluated using three different methods: LAM, Vickers 
hardness (HV) and Aspect Ratio of grain. Microstructural area with LAM < 1o were characterised as 
recrystallized [35]. The area fraction of the scanned map consisting of pixels with average 
misorientation < 1o was calculated to evaluate the recrystallized fraction. Hardness of the samples for 
cold-rolled, fully recrystallized and intermediate conditions were evaluated and used in equation 1 to 
evaluate recrystallization (%) for intermediate stage. 
                   Recrystallization (%) = 
  
   
∗ 100 %                                   (1) 
Furthermore, grains with an aspect ratio of less than 2.6 were considered as recrystallized grains [36] 
and this area of recrystallized grains was used to evaluate the recrystallized fraction. 
ImageJ software was used to evaluate the precipitate size and volume fraction. The precipitate shape 
was assumed to be circular in 2D and spherical in 3D. Area of precipitates were obtained after post-
processing of STEM-EDS chemical maps in ImageJ software to determine size of precipitates 
(2*radius). Average thickness of FIB-lift out lamella was ~ 125 nm. Volume fraction of precipitates 
from an individual chemical map were evaluated using equation 2: 
Volume fraction of precipitates for the ith STEM-EDS chemical map = 
∑ ∗ ∗
∗    
      (2) 
For quantitative analysis of average radius and volume fraction of precipitates, minimum of 600 
precipitates were analysed from 15 different STEM-EDS chemical maps taken from two different FIB-
lift out lamella. 
2.4. Numerical prediction 
Precipitate size and volume fraction in base and Ti+ grades were predicted for annealing temperature 
of 800 oC using MatCalc software, version 5.62.1004. Calculated precipitate size and volume fraction 
were used to evaluate Zener pinning force as described in discussion section 4.1. Parameters used for 
simulation of precipitation size and volume fraction are shown in Table 2. 
Table 2 Parameters for MatCalc simulation of precipitate size and volume fraction 
Type of 
precipitates 
Diffusivity in ferrite (m2s-1) Interfacial energy 
Critical energy for 
nucleation on dislocations 
VC 𝐷 = 3.05 × 10 exp (− ) [37] 0.445 [38] 0.01 [39] 
TiC 
𝐷 = 3.15 × 10 exp (− ) 
[40] 
0.425 [38] 0.01 [39] 
 
For simulation, a start temperature of 600 oC was set and was gradually increased to 800 oC with increase 
over time (heating rate ~ 10 oC/s). Experimentally defined annealing conditions of 700 oC for 0 s, 800 
oC for 0 s, 800 oC for 2 min and 800 oC for 5 min were equivalent to simulation time of 13 s, 25 s, 145 
s and 325 s respectively. TCFE9 database in ThermoCalc software was utilised to evaluate equilibrium 
volume fraction of precipitates in the three grades for temperature range in between 500 oC to 1000 oC. 
2.5. Mechanical testing 
Wilson® VH3300 Automatic Hardness Tester was used to perform hardness measurements by carrying 
out 20 indents across the surface of cold-rolled and annealed samples. Load of 1000 g for dwell time of 
10 s was applied during indentation. To evaluate mechanical properties such as yield, ultimate tensile 
strength and elongation, uniaxial tensile tests were performed using a 100 kN Schenck Trebel RM100 
tensile testing machine at the Research & Development facilities of Tata Steel Europe. The crosshead 
was operated using force control with a constant loading rate of 30 MPa/s. To simulate annealing cold-
rolled sheets of the three grades were annealed in a Continuous Annealing Simulator (CASim) for 
different conditions: 700 oC 0 s, 800 oC 0 s; 800 oC 2 min, 800 oC 5 min. Dog-bone shaped tensile 
samples of ISO/EM A50 size [41] were sectioned using water jet cutting from cold-rolled and annealed 
sheets. For each material condition, four tests were done for statistically reliable results. 
3. Results 
3.1. EBSD study of muffle furnace annealed samples 
The as-received cold-rolled microstructure and texture of the base, Ti+ and Ti+Mn+ grades is very 
similar, with elongated grains usually defined as fibres [42]. These fibres are mainly dominated by the 
alpha (<110>//RD) and gamma (<111>//ND) fibres and minor portions of randomly oriented subgrains. 
The total amount of stored energy is assumed to be similar in all three steel grades because of the almost 
identical level of cold-rolled deformation (%) of ~ 70 % [43]. 
For an annealing temperature of 700 oC with no dwell, the nucleation of new ferrite grains is initiated 
along high angle grain boundaries for all three steel grades with insignificant change in microstructure 
as compared to cold-rolled state. For annealing condition of 800 oC 0 s, the base grade is almost fully 
recrystallized with the development of quasi-polygonal recrystallized grains (Fig. 2). Grain growth 
starts at the annealing temperature of 800 oC for dwell time of 15 min (Fig. 2) and continues with a 
massive grain growth for the dwell time of 2 h in the base grade. 
For annealing at 800 oC for between 0 s to 30 min, recrystallization kinetics is slower in the Ti+ and 
Ti+Mn+ grades than in the base grade, with un-recrystallized ferrite matrix dominated by alpha fibre 
grains. {001}<110> grains of alpha fibre (shown as red coloured texture in ND-IPF EBSD maps of Fig. 
2) have the lowest stored energy [44,45]. Therefore during annealing at the temperature of 800 oC for 
longer dwell time of 2 min to 30 min, {001}<110> grains have not fully recrystallized [46–49].  
For the annealing condition of 800 oC 0 s, the microstructure of Ti+Mn+ grade is similar to that of the 
annealing condition of 700 oC 0 s with the nucleation of recrystallization occurring along the higher 
angle grain boundaries. Fig. 3 shows a recrystallized grain nucleus along HAGB between alpha and 
gamma fibres (arrow marked as A) and between alpha and other random grain orientations (arrow 
marked as B) of Ti+Mn+ grade treated at 800 oC 0 s annealing condition. Areas of higher local 
misorientation form potential sites for nucleation of recrystallization such as deformation bands and 
HAGB between alpha/gamma texture [50,51]. 
 
Fig. 2 Normal Direction Inverse Pole Figure (ND-IPF) maps of low-carbon microalloyed steel of base, Ti+ and 
Ti+Mn+ grades after annealing at 800 oC 0 s , 800 oC 2 min and 800 oC 15 min. Arrows indicate nucleation of 
recrystallized grains. 
Maximum recrystallized grain size of the Ti+ and Ti+Mn+ grade is between 20 μm to 25 μm. While for 
the base grade, the relative frequency (%) of recrystallized grain (size > 30 μm) is greater than 10 %. 
For the annealing condition of 800 oC 2 h, average grain size of base grade (~ 50 μm) is much larger 
than Ti+ and Ti+Mn+ grades (~ 6 μm) as shown in Fig. 4. 
 
 
Fig. 3 Normal Direction Inverse Pole Figure (ND-IPF) map of low-carbon microalloyed steel of Ti+Mn+ grade 
after annealing at 800 oC 0 s at high magnification of x5k. Arrows ‘A’ and ‘B’ indicate nucleation of recrystallized 
grains along HAGB of alpha/gamma fibre and higher misorientation region between alpha fibre and random grain 
orientations respectively 
 
Fig. 4 Average grain size with aspect ratio > 2.6 of base, Ti+ and Ti+Mn+ grades (a) and Ti+ and Ti+Mn+ grades 
(b) for different annealing conditions: 800 oC 0 s; 800 oC 2 min; 800 oC 5 min; 800 oC 15 min; 800 oC 30 min; 
800 oC 1 h and 800 oC 2 h 
3.2. Evolution of Recrystallization (%) 
Recrystallization (%) is evaluated by three methods: LAM, aspect ratio and hardness (HV/1) to 
quantitatively understand recrystallization behaviour among the three grades as shown in Fig. 5. Vickers 
hardness (HV/1) values of base, Ti+ and Ti+Mn+ grades for different conditions are presented in Fig. 
7 and later discussed within the section 3.4. With increased annealing temperature and dwell time, 
recrystallization (%) is increased as shown in Fig. 5. For annealing condition of 800 oC 0 s: base grade 
is almost fully recrystallized and average recrystallization (%) of Ti+ grade (LAM method ~ 19 %) is 
slightly higher than Ti+Mn+ grade (LAM method ~ 8 %). With increase in dwell time (> = 2 min) at 
800 oC, average recrystallization (%) of Ti+ and Ti+Mn+ are very similar as shown in Fig. 5. 
 
Fig. 5 Recrystallization (%) measurements using three different methods: local average misorientation (LAM), 
aspect ratio (AR) and Vickers hardness (HV/1) of base, Ti+ and Ti+Mn+ grades of steel for different conditions: 
cold-rolled; 700 oC 0 s; 800 oC 0 s; 800 oC 2 min; 800 oC 5 min; 800 oC 15 min; 800 oC 30 min; 800 oC 1 h and 
800 oC 2 h 
3.3. Evolution of precipitation during annealing 
For the annealing condition of 700 oC 0 s, fine precipitates of V(C/N) in base and (Ti,V)(C/N) in Ti+ 
and Ti+Mn+ grades are decorated along subgrain and grain boundaries of un-recrystallized ferrite 
matrix. Fine precipitates decorating the defects (Fig. 6a) provide resistance to the boundary motion by 
Zener pinning during annealing [52]. Carbo-nitrides of Ti and V exist as complex precipitates due to 
their mutual solubility with each other in both Ti+ and Ti+Mn+ grades [53,54]. For higher temperature 
of 800 oC and dwell time of 2 min and 5 min (Fig. 6b), fine (d < 15 nm) and coarse (d > 15 nm) 






Fig. 6 STEM bright field (BF) image and EDS chemical maps of carbo-nitrides of carbo-nitrides of Titanium and 
Vanadium (Ti,V)C precipitates for Ti+Mn+ grade of steel annealed at 700 °C 0 s (a) and 800 °C 5 min (b) 
conditions at two different FIB-lift out samples for each grade after bulk-furnace annealing 
Average precipitate size is increased with annealing temperature and dwell time for all three grades. 
For base grade, average precipitate size is coarser than Ti+ and Ti+Mn+ grades with increase in dwell 
time to 2 min and 5 min for annealing temperature of 800 °C as shown in Table 3. 
Table 3: Precipitate size in base, Ti+ and Ti+Mn+ grades for annealing conditions of 700 °C 0 s, 800 °C 0 s, 800 
°C 2 min and 800 °C 5 min 
Grades 
Precipitate size (nm) for different annealing conditions 
700 oC 0 s 800 oC 0 s 800 oC 2 min 800 oC 5 min 
Base 12.4 ± 1.7 13.1 ± 1.0 20.4 ± 7.7 21.4 ± 2.9 
Ti+ 11.2 ± 5.2 12.0 ± 5.5 13.6 ± 6.4 16 ± 2.4 
Ti+Mn+ 10.7 ± 4.1 13.6 ± 1.5 11.5 ± 1.1 14.3 ± 2.7 
 
3.4. Hardness and uniaxial tensile measurements 
Room temperature uniaxial tensile tests are performed to measure strength and elongation (%) 
properties of base, Ti+ and Ti+Mn+ grades treated for different conditions of as cold-rolled, and 
annealed at 700 oC 0 s, 800 oC 0 s, 800 oC 2 min and 800 oC 5 min. Proof strength (yield strength at 0.2 
% strain), RP0.2 is evaluated from the tensile curve and compared with empirical yield strength (YS) 
obtained from Vickers hardness (Fig. 7) using the relation (equation 3) as shown below [55]: 
                                                                   𝐻𝑉 ~ 3 ∗ 𝑌𝑆                                                                          (3) 
In equation 3, unit of Vickers hardness value is converted to MPa from kgf/mm2 to evaluate empirical 
YS in MPa. There is insignificant difference between the empirical yield strength and RP0.2 values of 
three grades for different conditions as shown in Fig. 8a. In cold-rolled state, average RP0.2 and tensile 
strength (TS) of Ti+ (RP0.2 = 946 ± 47 MPa and TS = 949 ± 44 MPa) and Ti+Mn+ (RP0.2 = 1003 ± 2 
MPa and TS = 1018 ± 8 MPa) grades are higher than base grade (RP0.2 = 702 ± 8 MPa and TS = 719 ± 
6 MPa). For annealing condition of 700 oC 0 s, strength values are similar to that of the cold-rolled state 
with elongation (%) (EL < 3 %). For the annealing temperature of 800 oC, RP0.2 of the base grade 
significantly decreases to 350 - 390 MPa as shown in Fig. 8a, because of dislocation softening, 
recrystallization of deformed texture [56] and precipitate coarsening in recrystallized ferrite matrix. The 
elongation (%) of the base grade is increased up to 33 % for annealing condition of 800 oC 5 min as 
shown in Fig. 8c. 
For annealing condition of 800 oC 0 s, RP0.2 of Ti+ grade is decreased by approximately 100 MPa, which 
is more than Ti+Mn+ grade at about 20 MPa. With an increase in dwell time to 2 min for annealing 
temperature of 800 oC, TS of Ti+ and Ti+Mn+ grades have decreased to ~ 620 MPa. Elongation (%) of 
Ti+ and Ti+Mn+ grades is ~ 9 % as shown in Fig. 8c. 
 
 
Fig. 7 Average Vickers hardness (HV/1) of base, Ti+ and Ti+Mn+ grades of steel for different conditions: 700 oC 
0 s; 800 oC 0 s; 800 oC 2 min; 800 oC 5 min; 800 oC 15 min; 800 oC 30 min; 800 oC 1 h and 800 oC 2 h. In this 
plot, unit of Vickers hardness value is kgf/mm2 
  
 
Fig. 8 Comparison of Yield strength at 0.2 % strain (RP0.2) and empirical yield strength (YS) obtained from Vickers 
hardness (a), tensile strength (TS) (b) and elongation, EL (%) (c) of base, Ti+ and Ti+Mn+ grades of steel for 
different conditions: cold-rolled; 700 oC 0 s; 800 oC 0 s; 800 oC 2 min; 800 oC 5 min 
4. Discussion 
4.1. Initial precipitate state in the hot-rolled steel grades 
Hot-rolled processing route (low simulated coiling temperature ~ 580 oC) and chemistry are designed 
in order to minimise the precipitation of vanadium and titanium carbides and also minimise the 
formation of iron-carbides in hot-rolled (as-received) microstructure [8,19,57–63]. STEM-EDS 
investigations of hot-rolled steel grades show fine (precipitate size, d < 5 nm) V(C/N) precipitates in 
hot-rolled base grade and titanium rich (Ti,V)(C/N) precipitates in hot-rolled Ti+ and Ti+Mn+ grades 
are sparsely distributed along subgrain and grain boundaries (Fig. 9) and a small number of iron-carbide 
within ferrite matrix of hot-rolled Ti+ grade (Fig. 10). During annealing of cold-rolled steel grade, iron-
carbide dissolves to release carbon back into ferrite matrix, as the alloy carbides are thermodynamically 
more stable than iron-carbides [64]. Upon further annealing, free C in ferrite phase combines with Ti 
and V to form precipitates in the cold-rolled and annealed steel grades. 
 
Fig. 9 STEM bright field (BF) image and EDS chemical maps of carbo-nitrides of Vanadium V(C/N) decorated 
along grain boundary and carbo-nitrides of Titanium and Vanadium (Ti,V)(C/N) present in ferrite matrix of hot-
rolled condition of low-carbon microalloyed steel (as-received) of three different grades, base (a), Ti+ (b) and 
Ti+Mn+ (c). Arrows mark the precipitates present in ferrite matrix of hot-rolled base, Ti+ and Ti+Mn+ grades 
 
Fig. 10 STEM bright-field (BF) image superimposed with Carbon EDS chemical map (a) bright field (BF) image 
(b) and EDS chemical map of C (c), Ti (d) and V (e). Iron-carbide along subgrain boundary in the hot-rolled Ti+ 
grade. Arrows mark the iron-carbide in C chemical map and carbo-nitride of titanium in Ti chemical map 
4.2. Competition between recrystallization and precipitation in base and Ti+ grades 
Recrystallization and precipitation take place simultaneously and interact with each other in a complex 
form during annealing of microalloyed steel grades. On the one hand, precipitates interfere with 
dislocation and grain boundary movement and affect recovery and recrystallization kinetics, on the 
other hand, dislocations present in cold-rolled and annealed ferrite microstructure affect precipitation 
process [65]. Radius and volume fraction of precipitates are experimentally (from STEM-EDS maps) 
and numerically (from MatCalc simulation) determined and compared with each other for the base and 
Ti+ grades as shown in Fig. 11.  
Experimental and numerical results of precipitate size and volume fraction are similar to each other for 
the annealing conditions of 800 oC 0 s, 800 oC 2 min and 800 oC 5 min as shown in Fig. 11a and 11b. 
For the annealing condition of 700 oC 0 s, experimental precipitate volume is higher than numerical 
predictions. For 700 oC 0 s, precipitates are very fine and closely spaced between each other along 
subgrain and grain boundaries. Quantification of precipitate size and volume fraction using ImageJ 
software may not be accurate and could result in different experimental and numerical observations. 
MatCalc simulation estimates the critical radius of nucleation of precipitates in the Ti+ grade to be 
approximately 0.22 nm smaller than 4.2 nm in the base grade. The difference in critical radius of 
nucleation of precipitates is due to the difference in solubility of Ti and V in ferrite. The driving force 
for the formation of TiC particle is much higher than for VC because of the lower solubility of Ti in 
ferrite matrix than that of V [66]. The higher driving force for nucleation promotes finer critical radius 
for nucleation of precipitates [39,67,68]. Driven by the higher force, the simulated precipitation kinetics 
is much faster in the Ti+ grade than in the base grade. For example, the precipitated volume fraction 
after 30 s annealing of Ti+ grade is about 0.15 %, which is much higher than the value (nearly zero or 
negligible) for the base grade. The faster precipitation kinetics in the Ti+ grade than in the base grade 
has a dramatic effect on the recrystallization kinetics in these two grades, as will be discussed next. 
With increase in dwell time longer than 2 min at annealing temperature of 800 oC, precipitate coarsening 
occurs in the simulated radius curve of VC (base grade) due to the diffusion of solute atoms from the 
ferrite matrix [67]. The precipitate coarsening involves a growth of larger precipitates at the expense of 
smaller precipitates. However, the coarsening of TiVC (Ti+ grade) occurs at much later stage of 
annealing, i.e., after 1000 s (~ 15 min) annealing. Therefore, precipitate coarsening is easier to occur in 
the base than in the Ti+ grade during annealing at 800 oC as shown in Fig. 11. The above difference in 
the coarsening behaviour [67] is mainly due to the different composition of precipitates in these two 
grades. For the base grade, the precipitates are pure vanadium carbide (VC), however they are complex 
titanium vanadium carbides in the form of TiyV1-yC (average composition: y ≈ 0.4, from MatCalc 
simulation) for the Ti+ grade. The above different coarsening behaviour also has a significant effect on 
recrystallization kinetics in these two grades.  
Precipitate size and volume fraction are used in equation 4 to evaluate Zener pinning force (J/mol) for 
different annealing conditions: 
                                                                   ∆𝐺 = ∗ 𝜎 ∗ 𝑁 ∗                                            (4) 
Where, f and r (in meters) are precipitate volume fraction and radius, and σ is interfacial energy of 
precipitates-ferrite matrix (value of 0.445 J/m2 for VC [38] and 0.425 J/m2 for TiC [38]), and 𝑁  is 
molar volume (value of 7x10-6 m3/mol). Fig. 10 shows numerical values of precipitate pinning force as 
a function of annealing time and corresponding ND-IPF EBSD maps of the base and Ti+ grades for the 
annealing condition of 800 oC 0 s, 800 oC 5 min, 800 oC 15 min and 800 oC 1 h. 
 
Fig. 11 Variation of experimentally evaluated (solid dot) and numerically evaluated, radius of precipitate and 
precipitate volume fraction (%) with increase in annealing time of the base (a, c) and the Ti+ (b, d) grades of steel. 
Annealing conditions: 700 oC 0 s, 800 oC 0 s, 800 oC 2 min and 800 oC 5 min correspond numerically to time: 13 
s, 25 s, 145 s and 325 s respectively 
For 800 oC 0 s, precipitation pinning force in the Ti+ grade of approximately 1 J/mol is much higher 
than in the base grade which is 0.06 J/mol as shown in Fig. 12. At this annealing time, the measured 
recrystallized fraction is about 100 % and 19 % in the base and Ti+ (Fig. 5) respectively. Comparing 
the above precipitation and recrystallization behaviour in these two grades, it’s shown that the 
precipitation is faster than the recrystallization in the Ti+ grade, whilst the opposite situation happened 
in the base grade, i.e., the precipitation is much slower than the recrystallization. Once a lot of fine 
precipitates form in the Ti+ grade, the precipitation pinning force is effective in retarding 
recrystallization process in the Ti+ grade for the annealing condition of 800 oC 0 s. In the case of the 
base grade, lesser amount of precipitates is formed at this annealing condition and recrystallization is 
almost completed. Therefore, precipitation has negligible effect in retarding the recrystallization 
process in base grade. With an increase of dwell time to 2 min and to 5 min at 800 oC, recrystallization 
and precipitation occur concurrently in the Ti+ grade. The precipitation pinning force (about 1.75 Jmol-
1) could certainly be higher than the driving force for at least some grains belonging to alpha fibre with 
very low stored energy. For example, Dillamore et al. [44] measured stored energy of {001}<110> 
grain orientation of alpha fibre of cold-rolled steel ~ 1.70 Jmol-1 by TEM subgrain substructure analysis 
[44,69].This means that the recrystallization of those alpha grains is prevented temporally by the 
precipitates. Thus the presence of lower stored energy alpha fibre grains lead to a sluggish 
recrystallization process in the Ti+ grade. 
With the increase in dwell time to 15 min or longer at 800 oC, the precipitate pinning force decreases 
(Fig. 12) in both base and Ti+ grades because of precipitate coarsening. When the pinning force 
decreases below the value of the driving force for recrystallization in the Ti+ grade, the recrystallization 
of those alpha grains with low stored energy could resume. For the base grade, because recrystallization 
is almost completed when the annealing temperature reaches 800 oC, the grain growth behaviour is 
affected by the precipitation coarsening in this grade. Some grains with much larger size (160 µm – 200 
µm) than others (< 80 µm) could be observed for 1 and 2 hours annealing at 800 oC. From ND-IPF 
EBSD and STEM-EDS chemical maps it is observed that recrystallization and precipitation occur 
simultaneously in the base and Ti+ grades. For the base grade, precipitation is not significant enough 
to slow down recrystallization at 800 oC. While for the Ti+ grade, precipitation is significant enough to 
interfere with the grain boundary motion and result in sluggish recrystallization kinetics [63,70,71]. 
 
Fig. 12 Variation of numerically evaluated Zener pining force with increase in annealing time of the base and Ti+ 
grades of steel (a), ND-IPF maps of base (b) and Ti+ (c) grades for annealing condition of 800 oC 0 s, 800 oC 5 
min, 800 oC 15 min and 800 oC 1 h . Annealing conditions: 800 oC 0 s, 800 oC 5 min, 800 oC 15 min and 800 oC 1 
h correspond numerically to time: 25 s, 325 s, 925 s and 3625 s respectively 
4.3. Effect of Mn solute drag on recrystallization process in Ti+Mn+ grade 
The Ti+Mn+ grade has lower recrystallization (%) than the Ti+ grade at the annealing condition of 800 
oC 0 s. For longer dwell times (> 0 s) at the annealing temperature of 800 oC, recrystallization behaviour 
of the Ti+ and Ti+Mn+ grades are similar. There is a difference in concentration of Mn solute atoms in 
the Ti+ grade (0.35 wt %) and the Ti+Mn+ grade (0.89 wt %). To understand in detail the significance 
of the solute drag (SD) of Mn and intrinsic boundary friction (IBF) [72] on retardation of 
recrystallization process, SD and IBF are plotted against the boundary velocity of the Ti+ and Ti+Mn+ 
grades as shown in Fig. 13. Solute drag force (∆𝐺 ) and intrinsic boundary friction force (∆𝐺 ) are 
calculated using equations as shown below [72–74]: 
                                                                  ∆𝐺 =
∗ ∗
∗
                                                                     (5) 
                                                      𝛼 =






)                                            (6) 
                                                                  𝛽 =
∗ ∗ ∗
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                                                                   ∆𝐺 =                                                                            (8) 
                                                              𝑀 =
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Where, 𝐶  is concentration of Mn solute atoms (0.0015 for the Ti+ grade and 0.0039 for the Ti+Mn+ 
grade), 𝑁  is molar volume (value of 7x10-6 m3/mol), 𝑘 is Boltzmann constant (value of 1.38x10-23 
m2kgs-2K-1), 𝑇 is temperature (value of 1073 K), 𝛿 is grain boundary thickness (value of 5x10-10 m, 
assumed two times of Burgers vector of Fe lattice), 𝐸  is grain boundary interaction energy with atoms 
(value of 1.7608x10-20 J/atoms), 𝑋 is bulk diffusion constant (value of 0.000076*exp(-224400/R*T) 
m2/s), 𝑣 is grain boundary velocity, and 𝑀  is intrinsic grain boundary mobility [40,66,72–76]. 
Effective drag (∆𝐺 +∆𝐺 ) by Mn solute atoms is higher in the Ti+Mn+ grade than the Ti+ grade due 
to higher amount of Mn solutes. Recrystallization behaviour of both grades is sluggish, therefore 
velocity of grain boundary is considerably low (< 0.5 μm/s, see below for this estimation of growth 
speed). For the annealing condition of 800 oC 0 s, velocity of grain boundary is estimated using first 
order approximation [63] as explained below. 
Nucleation for recrystallization starts at 700 oC 0 s in the Ti+ and Ti+Mn+ grades. Time to achieve the 
annealing temperature of 800 oC is ~ 15 s (recorded by data logger during bulk annealing experiment). 
Average recrystallized grain size at 800 oC 0 s of the Ti+ and Ti+Mn+ grades is 3.4 μm and 2.65 μm 
respectively. From a first order approximation value of the average grain boundary velocity (average 
grain size/time) of the Ti+ and Ti+Mn+ grades is ~ 0.23 μm/s and ~ 0.18 μm/s respectively. For a longer 
dwell time (> 0 s), the average grain boundary velocity would be theoretically lower than the above two 
values, considering the decreasing driving force due to recovery. From Mn solute drag versus boundary 
velocity plot in Fig. 13 it could  be observed that the drag effect of Mn solute on boundary mobility for 
longer dwell time (> 0 s) is not significant in Ti+ and Ti+Mn+ grades due to the slow recrystallization 
speed (0.23 μm/s and 0.18 μm/s). 
Apart from Mn solute drag effect on recrystallization, there could be other direct (for example, Mn-C 
dipole formation [77]) or indirect factors (for example, precipitation [66,78–83] or texture [84]) of Mn 
solute atoms on recovery/recrystallization mechanism. Ushioda et al. [77] have studied the role of Mn 
in delaying the recovery during annealing, where dissolved C from cementite combines with Mn to 
form Mn-C complex. Mn-C complex or Mn-C dipole is formed by interaction (attractive) between Mn 
substitutional atoms and C interstitial atoms [85–88]. Interaction between Mn substitutional atom and 
C interstitial atom is originated from the elastic-strain field around Mn substitutional atom in BCC Fe 
lattice [88,89]. Mn-C complex interfere with dislocation movement during recovery and leads to a delay 
in the incubation time for recrystallization, i.e. nucleation of recrystallization is delayed.  
 
Fig. 13 Variation of effective drag i.e. combined solute drag (SD) and intrinsic boundary friction (IBF) 
with increase in grain boundary velocity during annealing for the Ti+ and Ti+Mn+ grades of steel  
Mn also affects precipitation kinetics in the austenite phase. It is proposed that higher amount of Mn 
solutes increases the solubility of TiC precipitate in austenite phase [82,83] and delays precipitation 
kinetics. The effect of Mn solute content on precipitation kinetics in the austenite phase is well known 
[66,78–83], however there are not any conclusive data published on the Mn solute content effect on the 
precipitate solubility in the ferrite phase. The equilibrium precipitate volume fraction is plotted for the 
three grades for equilibrium state as shown in Fig. 14. There is negligible effect of Mn solute content 
on precipitation thermodynamics in ferrite phase of the Ti+ and Ti+Mn+ steel grades, when temperature 
is lower than 750 oC. Mn could indirectly influence precipitation kinetics by segregating along 
dislocations and interfere with precipitation process in ferrite [77,81]. Moreover  it is known that 
{001}<110> grains of alpha fibre have lower stored energy than {112}<110> grains of alpha fibre 
[45,47]. Therefore, the difference in maximum peak of texture intensity in the cold-rolled state (Fig. 
15) could also result in a slower recrystallization kinetics in the Ti+Mn+ grade than in the Ti+ grade for 
the annealing condition of 800 oC 0 s. 
 
Fig. 14 Variation of volume fraction of precipitates with increase in temperature 500 oC to 1000 oC for the base, 
Ti+ and Ti+Mn+ grades of steel in equilibrium condition evaluated from ThermoCalc using TCFE9 database 
 
Fig. 15 Variation in orientation density of alpha fibre grains with increase in Φ from 0o to 90o for constant φ2 = 
45o for the cold-rolled low-carbon microalloyed steel of base, Ti+ and Ti+Mn+ grades. 2D ODF maps of cold-
rolled Ti+ and Ti+Mn+ grades show maximum intensity peak around grain orientation {112}<110> and 
{001}<110> respectively (*cold-rolled Ti+ grade texture [32]). 
4.4. Combined strength evaluation for the base, Ti+ and Ti+Mn+ grades for the annealing condition 
of 800 oC 2 min 
Strengthening contribution from dislocation density, grain size, inherent ferrite matrix, precipitate and 
solid solution of the base, Ti+ and Ti+Mn+ grades is evaluated for the annealing condition of 800 oC 2 
min. The empirical relation to evaluate combined strength comprising of solid solution strength, 
inherent strength of matrix and grain refinement strength of ferritic microalloyed steel is given by 
Pickering et al. [90,91] (Equation 10): 
                          𝜎 (MPa) = 15.4(3.5 + 2.1[%Mn] + 5.4[%Si] + 23[%N] + 1.13𝑑 . )              (10) 
Where[%Mn] , [%Si]  and [%N]  are the weight (%) of manganese, silicon and nitrogen in ferrite 
solution respectively and 𝑑 is the average ferrite grain size in mm. For this study, free carbon and 
nitrogen are assumed to be negligible in the solid solution and are taken in combination with titanium 
and vanadium as carbides and nitrides for the annealing condition of 800 oC 2 min. 
Average dislocation density is equated to average GND [92,93] to evaluate dislocation strengthening 
[94]: 
                                                                     𝜎 =  𝛼𝑀µ𝑏𝜌 .                                                              (11) 
Where 𝛼 is a constant, 𝑀 is average Taylor factor, µ is shear modulus, 𝑏 is magnitude of the Burger’s 
vector and 𝜌 is dislocation density. Typical values for Fe (𝛼 ~ 0.3, 𝑀 ~ 3, µ ~ 75 GPa and 𝑏 ~ 0.25 nm) 
[94] are used in equation 9. Average GND density of the base, Ti+ and Ti+Mn+ grades are ~1.00E+13 
m-2, 1.05E+14 m-2 and 1.15E+14 m-2 respectively estimated from LAM maps obtained from Channel 5 
software of Oxford Instruments [32]. 
Precipitation strengthening is evaluated using Ashby-Orowan equation [66]: 
                                                             𝜎 =  10.8 ln
.
                                                     (12) 
Where 𝑓  and 𝑑  are average volume fraction and size of precipitate. Average volume fraction of 
precipitates of the base, Ti+ and Ti+Mn+ grades for the annealing condition of 800 oC 2 min are ~ 
0.002, ~ 0.003 and ~ 0.002 respectively. Solid solution strength, inherent strength of matrix, grain 
refinement strength, dislocation density strength and precipitation strength are added together to 
evaluate effective yield strength and compared with yield strength (RP0.2) from the tensile test of 
different grades as shown in Fig. 16.  
Grain size strengthening is dominant for the base, Ti+ and Ti+Mn+ grades of steel. High dislocation 
density (~ 1014 m-2) in un-recrystallized ferrite matrix and fine precipitates lead to a higher yield strength 
(200 MPa to 250 MPa) of the Ti+ and Ti+Mn+ grades than of the base grade. Effective yield strength 
is about 16 % to 20 % higher than yield strength from the tensile test as shown in Fig. 16. For the grain 
size strengthening calculation, average recrystallized grain size is used in equation 10. Partially 
recrystallized matrix is a mixture of un-recrystallized elongated grains and quasi-polygonal 
recrystallized grains. It is assumed that the average grain size of the partially recrystallized sample is 
equal to average recrystallized grain size [62] and could result in an overestimation of the grain size 
strengthening contribution. Higher contribution from grain size strengthening could further result in a 
higher effective yield strength value than the yield strength obtained from the tensile test. 
  
Fig. 16 Effective yield strength (combination of inherent, solid solution, grain size, dislocation, precipitation 
strength) and yield strength from the tensile test for the base, Ti+ and Ti+Mn+ grades of steel for the annealing 
condition of 800 oC 2 min 
The strengthening contribution from precipitation in the base grade is lower than the other two grades 
for the annealing condition of 800 oC 2 min. Coarser average precipitate size and lower average volume 
fraction of V(C/N) in the base grade (~ 20 nm and 0.002) than (Ti/V)(C/N) in the Ti+ grade (~ 14 nm 
and 0.003) lead to lower precipitation strengthening in the base grade (Fig. 17). Similarly, a high volume 
fraction of very fine precipitates (~ 3 nm) in the Nb-V-Mo [8] and Ti-Mo [30] commercial hot-rolled 
steel products of Tata Steel Europe [8] and JFE Steel Corporations respectively [30] leads to higher 
precipitation strengthening of around 400 MPa to 500 MPa. During phase transformation from austenite 
to ferrite, precipitates nucleate along dislocations, subgrain/grain boundaries and at the austenite to 
ferrite moving interphase [76]. By controlling the coiling temperature and the sample chemistry, very 
fine (~ 5 nm) rows of interphase precipitates are developed to provide high precipitation strengthening 
[8,19]. During sub-critical annealing of cold-rolled low-carbon microalloyed steel, precipitates nucleate 
along dislocations and subgrain/grain boundaries. Controlling the dwell time of sub-critical annealing 
cycle to simultaneously obtain fine recrystallized grain and fine precipitates is challenging. Annealing 
time required to achieve fine fully recrystallized grains in cold-rolled annealed steel could lead to 
precipitate coarsening and dislocation annihilation [27].  
From the results and discussions it could be found that the correlative material characterisation 
technique of EBSD and FIB-lift out STEM is a significant tool for studying recrystallization and 
precipitation evolution and their interactions during sub-critical annealing of cold-rolled microalloyed 
steel. Experimental observations of EBSD and STEM and numerical predictions of MatCalc software 
give a clear understanding of the fast recrystallization kinetics and precipitates coarsening in base grade 
and sluggish recrystallization kinetics in Ti+ and Ti+Mn+ grades. Additional investigation to further 
increase the strength to elongation balance, such as through application of intercritical annealing to 
generate very fine interphase and random precipitates in the soft ferrite phase is currently in progress 
and will be published separately. 
  
Fig. 17 Variation of the precipitation strengthening as a function of the precipitate size from 0 nm to 50 nm for 
base and Ti+ steel cold-rolled and annealed at 800 oC 2 min and for *Tata Steel commercial hot-rolled Nb-V-Mo 
grades of steel [8]. Notation ‘f’ stands for volume fraction of precipitates 
5. Conclusions 
 Recrystallization kinetics is much faster in the base grade as compared to the Ti+ and Ti+Mn+ 
grades. Presence of additional Ti-microalloying element along with V in the Ti+ and Ti+Mn+ 
grades is effective in retarding the recrystallization process during sub-critical annealing. 
 Higher intensity of {001}<110> grain orientation and additional Mn solute atoms in the 
Ti+Mn+ grade leads to a slower recovery rate as compared to the base and Ti+ grades under 
the annealing condition of 800 oC 0 s. 
 There is insignificant difference observed in recrystallization kinetics between the Ti+ and 
Ti+Mn+ grades for longer dwell time (> 0 s) at the annealing temperature of 800 oC. The solute 
drag effect by additional Mn solute atoms on recrystallization kinetics of the Ti+Mn+ grade is 
negligible due to sluggish subgrain/grain boundary movement. 
 Coarsening of precipitates during sub-critical annealing of the base, Ti+ and Ti+Mn+ grades 
leads to lower precipitation strengthening as compared to Nb-V-Mo [8] and Ti-Mo [30] 
commercial hot-rolled steel grades, where higher precipitation strengthening is achieved by 
very fine (~ 3 nm) interphase precipitation. 
 Precipitation pinning potential is higher for the Ti+ grade than for base grade due to the 
presence of additional Ti-microalloying element along with V in the Ti+ grade. The strong 
pinning potential results in sluggish recrystallization behaviour in the Ti+ grade. But the 
precipitation in the base grade is slower than recrystallization, and thus has no or negligible 
pinning effect on recrystallization.  
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